Hyper-homocysteinemia (HHcy) is associated with microalbuminuria and glomerular injury in general and diabetic populations. However, HHcy's role in hypertensive patients was not studied. We investigated whether HHcy is an independent risk factor for renal function decline and development of chronic kidney disease (CKD) in hypertensive men and women. This was a community-based prospective cohort study of 2,387 hypertensive adults without CKD at baseline, with a mean follow-up of 4.4 years. Baseline and follow-up levels of plasma Hcy, folate, vitamin B12, blood pressure and other pertinent covariables were obtained. CKD was defined as an estimated glomerular filtration rate (eGFR) <60 ml/min/per 1.73 m 2 and an eGFR decline rate >1 ml/min/per 1.73 m 2 /year. There was a graded association between Hcy tertiles and eGFR decline. Subjects in the 3 rd tertile of Hcy levels had an accelerated rate of eGFR decline and an increased risk of incident CKD, as compared with those in the 1st tertile, after adjusting for age, gender, baseline diabetes, SBP, BMI, smoking, dyslipidemia, eGFR, folate and vitamin B12 levels. In conclusion, in this prospective cohort of Chinese hypertensive adults, elevated baseline plasma Hcy can serve as an independent biomarker to predict renal function decline and incident CKD.
. Therefore, early intervention to prevent renal injury in hypertensive population is of immense significance to prevent progression to CKD and ESRD. In addition to the traditional risk factors, such as age, BP, diabetes, smoking and hyperlipidemia, elevated plasma homocysteine (Hcy) levels, termed as hyperhomocysteinemia (HHcy), has emerged as an independent risk factor for the progression of CKD 7, 8 . Experimental studies suggest that HHcy induces glomerular injury through redox signaling pathways and DNA hypomethylation mechanisms [9] [10] [11] [12] [13] . More importantly, recent human studies have shown that HHcy is associated with 1 Scientific RepoRts | 5:16268 | DOi: 10.1038/srep16268 microalbuminuria in the general population and in patients with diabetes 8, 14, 15 . However, the effect of HHcy on renal function decline and incident CKD in hypertensive adults has not been studied.
Hcy is a sulfur-containing amino acid and an intermediate metabolite in methionine metabolism. Deficiency in Hcy metabolic enzymes and its co-factors, such as folate and other B vitamins, could lead to increased Hcy levels in both humans and mice 16 . It is known that methylenetetrahydrofolate reductase (MTHFR) is a key enzyme in folic acid metabolism that provides a methyl group for Hcy remethylation. The MTHFR 677TT variant impairs MTHFR function leading to the development of HHcy 17 . Because folate and other B vitamins are cofactors in the remethylation and trans-sulfuration pathways of Hcy metabolism, the supplementation of these vitamins has been used as an effective and inexpensive strategy for Hcy-lowering therapy 18, 19 . It is estimated that hypertensive disease affects 266 million adults in China, affecting nearly 27% of the adult population 20 . The Chinese population has a high prevalence of HHcy, particularly in the northern rural areas 21, 22 , mostly due to a combination of low dietary folate intake and a higher prevalence of MTHFR 677TT mutation than in western populations (25% vs. < 10%) 23 . Those with a high prevalence of folic acid deficiency (~40%) and hyperhomocysteinemia (~28%) 21, 22 might be at a high risk of vascular and renal disease as posed by HHcy and may benefit more from B vitamins supplementation. Recently, we demonstrated the efficacy of folic acid supplementation in primary prevention of stroke among adults with hypertension in China 24 . Therefore, studies to investigate the relationship between HHcy, B vitamins levels, renal function decline and incident CKD in hypertensive adults would help to identify potential risk factors or protectors in the prevention and treatment of CKD in this high-risk population, and are of great clinical and public health interest in both the Chinese population and populations elsewhere that share similar characteristics.
In this community-based prospective cohort study, we sought to investigate the independent effect of baseline Hcy, folate and vitamin B12 levels on renal function decline and incident CKD in Chinese hypertensive adults without baseline CKD.
Results
Cohort description. Data from 2,387 Chinese hypertensive adults with a mean age of 60 years (range: 45 to 76 years) and mean estimated glomerular filtration rate (eGFR) of 93.9 ml/min/per 1.73 m 2 at baseline were analyzed. The mean blood pressure at baseline and at the end of the follow-up was 168 ± 98 and 152 ± 84 mmHg, respectively. Forty-four percent of participants received antihypertensive treatment. The percentage of participants achieving the target BP of < 140/90 mmHg at the end of the follow-up was 21.2%. At baseline, men tended to be older, more likely to be a current smoker, and had higher DBP and lower serum total cholesterol, triglycerides and eGFR levels ( Table 1 ). The median of plasma Hcy at baseline was 12.1 μ mol/L, with a significant difference between men and women (P < 0.001). Gender differences were also found for folate levels. Meanwhile, no significant differences were found for baseline vitamin B12 levels between genders.
Higher Hcy level is associated with increased risk for poor renal outcomes. During 10, 554 person-years (mean follow-up: 4.4 years), 69 (2.9%) participants developed CKD. As shown in Fig. 1A , a higher Hcy level at baseline was associated with higher incident CKD in the spline analysis. However, folate and vitamin B12 were not significantly associated with incident CKD in the spline analysis (Fig. 1B,C) .
When analyzed as a continuous variable, higher log-transformed Hcy was associated with higher incident CKD (Table 2) , even after adjusting for age, gender, diabetes, SBP, body mass index (BMI), smoking, cholesterol, high density lipoprotein cholesterol (HDL-C), triglycerides, eGFR, and previous use of angiotensin converting enzyme inhibitors (ACEIs)/angiotensin receptor blockers (ARBs). The association between Hcy levels and incident CKD remained unchanged after further adjustment for SBP at the end of the follow-up (Table 2 ). In analyses that considered tertiles of Hcy, the odds ratio (OR) for incident CKD increased across tertiles of plasma Hcy level, reaching 2.46 (95% confidence interval [CI] 1.05-5.77) for the top tertile compared with the lowest tertile (p for trend 0.011) in fully adjusted models.
Folate and vitamin B12 were not significantly associated with incident CKD in either unadjusted or adjusted models, respectively (Table 2 ). When Hcy, folate and vitamin B12 were all included in the multivariate model, only Hcy was significantly associated with an increased risk for incident CKD (Table 2 ).
Higher Hcy level is associated with more rapid decline in renal function. The mean yearly change for eGFR in the cohort was − 0.87 (Q1-Q3: − 2.02 ~ 0.20) ml/min per 1.73 m 2 /year. As shown in Fig. 1D , a higher Hcy level at baseline was associated with faster rate of eGFR decline in the spline analysis. However, folate and vitamin B12 were not significantly associated with a faster rate of eGFR decline in the spline analysis (Fig. 1E,F) .
Higher Hcy level was associated with a faster rate of eGFR decline in fully adjusted models ( Table 3 ). The highest tertile of Hcy was also associated with a more rapid eGFR decline rate in multivariate models (Table 3) . Folate was not significantly associated with a faster rate of eGFR decline in any of the models (Table 3 ). Higher levels of vitamin B12 were associated with a slower rate of eGFR decline (Table 3) . However, when Hcy, folate and vitamin B12 were all included in the multivariate model, only Hcy was significantly associated with a faster rate of eGFR decline (Table 3) . Stratified analysis. The association between higher log-transformed Hcy and increased risk of incident CKD appeared to be consistent across the subgroups, although the magnitude of association varied slightly. For example, the association between Hcy and CKD was stronger among those with baseline eGFR between 60-90 ml/min/per 1.73 m 2 as compared to those with eGFR> 90 ml/min/per 1.73 m 2 . However, tests for interaction were not significant (p for interaction > 0.05) ( Table 4 ). In addition, these associations were also found among subgroups stratified according to age, gender, baseline SBP and eGFR (p for interaction > 0.05) ( Table 4 ). In addition, a higher level of Hcy was associated with a more rapid eGFR decline rate among subgroups stratified according to age, gender, baseline SBP and eGFR (p for interaction > 0.05) ( Table 4 ). However, folate and vitamin B12 were not significantly associated with higher incident CKD or a faster rate of eGFR decline among any of the subgroups.
Discussion
In this prospective study of 2,387 hypertensive adults, we identified a graded association between plasma Hcy levels and an increased risk of accelerated renal function decline and incident CKD. This association was independent of plasma folate and vitamin B12 levels and other traditional risk factors. Our findings suggest that elevated plasma Hcy levels, but not low folate and/or vitamin B12 levels, may predict progression of renal function decline and incident CKD in hypertensive adults.
Characteristic
Total (n = 2387) Men (n = 578) Women (n = 1809) P value Age (year) Increased plasma levels of Hcy, termed hyperhomocysteinemia, is diagnosed when plasma Hcy levels are greater than 15 μ mol/L. HHcy is recognized as a potent risk factor and predictor for cardiovascular disease (CVD) in general populations [25] [26] [27] [28] . Previously, a dose-response relationship between Hcy and CVD was identified in a population with plasma Hcy levels starting from 10 μ mol/L [29] [30] [31] [32] [33] . In meta-analyses, the OR for cardiovascular disease was calculated to be 1.6 for a 5 μ mol/L increase in plasma Hcy concentration 34, 35 . The present study found that plasma Hcy levels, in a range from 5 to 20 μ mol/L, were associated with a rapid decline of renal function and incident CKD in a hypertensive population. Increased risk of composite renal outcomes was found across Hcy tertiles, with a significantly increased OR at Hcy levels of approximately 13 μ mol/L (in women) and 16 μ mol/L (in men). This data is consistent with previous studies showing an increased risk of incident CKD and microalbuminuria in the . These results indicate that an elevated plasma Hcy level, even in the range below the cutoff for HHcy, is a risk factor for renal function and incident CKD in a hypertensive population.
Our study findings suggest that elevated Hcy levels might be a modifiable risk factor for CKD, and that preventive interventions should be considered for hypertensive adults with increased plasma Hcy levels. A number of strategies, including dietary modification of food intake components and supplementation with folic acid and vitamins B6 and B12, have been reported to be effective at lowering Hcy levels and reducing cardiovascular risk 36 . Folic acid and B vitamin supplementation may be considered as a simple and safe intervention to prevent renal function decline in hypertensive adults. Additional study including clinical trials is warranted to determine whether Hcy-lowering therapy can reduce the risk of renal function decline and incident CKD in hypertensive adults. It is to our surprise that plasma folate and vitamin B12 levels did not predict or correlate with the incident CKD and rapid decline of eGFR (Fig. 1) . These findings suggest that HHcy in a hypertensive population is not directly caused by a folate and/or vitamin B12 deficiency. It is possible that hypertension may directly cause renal damage, which then leads to impaired Hcy excretion and elevated plasma Hcy, an inverse causality. On the other hand, folate and B12 insufficiency may lead to enzymatic impairment in Hcy metabolic pathways, including remethylation, transsulfuration and adenosylation that may be involved in hypertensive HHcy 13, 16 . It is well established that MTHFR and cystathionine beta-synthase (CBS) are key enzymes for Hcy remethylation and transsulfuration, and the major variants for human HHcy. Folic acid and B vitamin supplementation has been used as an effective strategy to lower plasma Hcy levels and reduce CVD risk in MTHFR and CBS variants [37] [38] [39] [40] . Therefore, folic acid and B vitamin supplementation might still prove to be a useful therapeutic option to reduce CKD risk in hypertensive patients with HHcy.
Our study has some limitations. As it was conducted in Chinese hypertensive adults, caution is needed when generalizing our findings to other populations. This study did not have the data on Table 3 . Association of baseline homocysteine, folate and vitamin B12 with eGFR decline rate during follow-up a . Abbreviations: ACEIs, angiotensin converting enzyme inhibitors; ARBs, angiotensin II receptor blockers; CI, confidence interval; eGFR, estimated glomerular filtration rate; FA, folate; Hcy, homocysteine; HDL-C, high density lipoprotein cholesterol; SBP, systolic blood pressure. a eGFR decline rate was calculated as the difference between the follow-up eGFR and baseline eGFR, which was divided by follow-up duration and expressed as ml/min/per 1.73 m 2 /year. Negative eGFR change indicates a fall in eGFR during follow-up. b Homocysteine, folate and vitamin B12 were individually included in the multivariate model as continuous or categorical variables. Model was adjusted for age, gender, SBP, diabetes, smoking, cholesterol, HDL-C, triglycerides, body mass index, eGFR, previous use of ACEIs/ARBs, and SBP at the end of the follow-up. microalbuminuria, an important marker for the development and progression of CKD, which limits our ability to estimate the true incidence of CKD in this study.
In conclusion, our study demonstrated that elevated plasma Hcy level is an independent predictor of rapid decline in renal function and incident CKD in a Chinese hypertensive population. Our findings, if further confirmed, may have important clinical and public health implications.
Methods
Study population. This community-based cohort study was approved by the Ethics Committees of the Institute of Biomedicine, Anhui Medical University. Investigation was performed in accordance with relevant guidelines and regulations. All participants were provided with written consent. The study was conducted in rural communities in Lianyungang, China. Eligible participants were those: (1) aged 45 to 75 years and (2) with hypertension (BP ≥ 140/90 mmHg or currently on antihypertensive therapy). Participants were excluded from the study if they had (1) confirmed CKD (i.e., glomerular filtration rate [GFR] < 60 ml/min/per 1.73 m 2 ) at time of screening; (2) diagnosed secondary hypertension; (3) a history of stroke, myocardial infarction, heart failure, coronary revascularization, and/or congenital or acquired heart diseases; (4) cancer; and/or (5) liver disease and/or severe mental disorders.
A total of 3,522 hypertensive adults were screened in 2008, and 2,518 (71.5%) were assessed at follow-up and participated in a subsequent scheduled visit after five years. Among the 2,518 participants, 131 were excluded from the analysis because of missing follow-up data. The final analysis included 2,387 participants.
Data collection. Data collection at baseline and at the follow-up visit were conducted by trained research staff according to a standard operating procedure. Blood pressure measurement. Resting blood pressures were measured using a mercury sphygmomanometer in a seated position after ≥ 10 minutes of rest. The mean of the three readings on the first baseline screening day was recorded and confirmed by three measurements on the second baseline screening day with an interval of at least one day. The mean of the three BP measurements on the second baseline screening day was used as the baseline BP for analyses.
Questionnaires and medical history. Questionnaires were administered to collect information on socio-demographic status, medical history and medications. Diabetes was defined as physician-diagnosed diabetes, or currently receiving hypoglycemic therapy, or fasting glucose level higher than 7.0 mmol/L.
Anthropometry. Anthropometric measurements, including height and weight, were taken using a standard operating procedure.
Blood Sample. Venous blood was drawn after overnight fasting during the baseline visit and the follow-up visit. Both plasma and serum samples were collected and stored at − 80 °C. The samples were shipped by commercial cold chain transportation and measured in a central laboratory.
Laboratory measurements. Measurement of plasma Hcy, folate and vitamin B12. Plasma Hcy, folate and vitamin B12 were measured by enzyme-cycling method using a commercial kit.
Measurement of estimated glomerular filtration. Serum creatinine was measured by enzymatic method (sarcosine oxidase-PAP) using a commercial kit (Beckman Coulter, Brea, CA, USA) according to the manufacturer's protocol. The Beckman assay was calibrated to the Roche/Hitachi P module Creatinase Plus enzymatic assay (Roche Diagnostics, Basel, Switzerland), traceable to an isotope-dilution mass spectrometry assay at the National Institute of Standards and Technology 41, 42 . eGFR was calculated using the two-level CKD-Epidemiology Collaboration (CKD-EPI) formula 43 .
Measurement of other parameters. Fasting glucose, total cholesterol, triglycerides and HDL-C were measured using a Hitachi 7020 Automatic Analyzer (Beckman Coulter, Brea, CA, USA).
Renal outcome definitions. Incident CKD. was defined as follow-up eGFR < 60 ml/min/per 1.73 m 2 .
To avoid excluding participants with minor fluctuations in eGFR that may be due to "noise", the definition also included a > 1 ml/min/per 1.73 m 2 /year decrease in eGFR 44 .
Rate of eGFR decline. was calculated as the difference between the follow-up eGFR and baseline eGFR, which was divided by follow-up duration and expressed as ml/min/per 1.73 m 2 /year. A negative eGFR change indicates a fall in eGFR.
Statistical analysis. All of the analyses were conducted using the statistical package R software, version 3.0.1 45 . Mean and standard deviation or median (25th, 75th percentile) and percentages were calculated for the description of population characteristics by gender. The differences in population characteristics between men and women were compared using the Student's t tests, signed rank tests, or chi-square test as appropriate. Multivariable logistic regression was used to assess the relations of Hcy, folate and vitamin B12 with incident CKD. Multivariate linear regression models were used to evaluate the associations between Hcy, folate and vitamin B12 with change in kidney function. In these analyses, Hcy, folate and vitamin B12 were modeled both as continuous variables and as categorical variables (categorized into tertiles). Hcy was natural log-transformed to normalize its skewed distributions. Because of gender differences in Hcy and folate distribution, gender-specific tertiles of Hcy and folate were used. The multivariate models were adjusted for age, gender, diabetes, SBP, BMI, smoking, cholesterol, HDL-C, triglycerides, eGFR, and previous use of ACEIs/ARBs. Effect modification was tested using a multivariate regression by stratifying the potential risk factors for renal outcomes. Adjusted splines of generalized additive models were created to evaluate the associations between baseline Hcy, folate and vitamin B12 and the outcomes. All tests were two-tailed and P < 0.05 was considered significant.
